The complete nucleotide sequence of comA, a gene required for induction of competence for genetic transformation in Streptococcus pneumoniae, was determined by using plasmid DNA 
Genetic transformation in Streptococcus pneumoniae (pneumococcus) depends on an elaborate DNA-processing pathway characteristic of a specialized cell state termed competence. Entry into this state is accompanied by a switch of protein synthetic activity to production of a small number of competence-specific proteins (39, 40) , as well as a gross metabolic shift (37) . In laboratory batch cultures, competence typically appears suddenly in most or all cells of the culture at some point during exponential-phase growth, persists for 10 to 20 min, and then decays rapidly (55) (56) (57) (58) . The coordination of competence induction among the cells of a culture depends on an extracellular protein, termed competence factor (CF), which serves as a monitor of population density (55, 57, 58) .
We previously reported the cloning of a locus, including genes comA and comB, involved in this regulatory circuit (5). Com-mutants were defective in competence induction and CF production but could be complemented by competent culture supernatants, implying a deficiency in elaboration of CF (41) . We report here the nucleotide sequence of comA and the deduced sequence of the ComA protein.
Homology analysis showed that ComA belonged to a family of ATP-binding proteins (21, 23) including membrane components of several bacterial transport systems (2) and eucaryotic transport proteins related to the mammalian multidrug resistance determinants (7) .
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture media. Strains and plasmids used in this work were described previously (6) . The plasmids used for sequencing contained portions of the comAB locus, as shown on the map in Fig. 1 , and were * Corresponding author.
generously provided by Mark S. Chandler. Escherichia coli cells were grown in L broth (35) or an enriched broth (53) . Preparative-scale plasmid isolation followed an alkaline-lysis protocol including two cycles of CsCl gradient purification (3) . DNA sequence determination. Sequencing reactions were done with Sequenase 2.0, dGTP or dITP labeling mixes, [a-35S] dATP, and circular plasmid templates. The conditions were described previously (48) , except that labeling reactions were incubated for 10 min at 0°C and termination reactions were done at 37°C for 5 min. The synthetic primers used were purchased from Operon Technologies (San Pablo, Calif.) or made at the Laboratory for Molecular Biology in Chicago.
Computer analysis of sequence data. The deduced amino acid sequence of ComA was compared by the algorithm of Pearson and Lipman (47) (FASTA implementation at GenBank) with proteins in the SWISS-PROT database (release 14.0). Full-length alignment with HlyB was done by the method of Myers and Miller (44) . Potential transmembrane segments were evaluated by the method of Klein et al. (28) .
Nucleotide sequence accession number. The DNA sequence reported here is held in GenBank under accession number M31680.
RESULTS
DNA sequence of comA. The nucleotide sequence of 3,000 bp within the comAB locus ( Fig. 1) was determined (Fig. 2) . The sequencing strategy outlined in Fig. 1 (Fig. 3) . The N-terminal half was largely hydrophobic in character, while the remainder was mainly hydrophilic. The algorithm of Klein et al. (28) identified six potential membrane-spanning segments, clustered in the N-terminal half of the sequence. The hydrophilic C-terminal region displayed two readily recognized motifs. Table 1 ). The (9) , and the CQR protein (12) . strongest similarities involved the C-terminal portion of The highest scores in such searches were for comparisons ComA surrounding the active transport motifs described with HlyB, an E. coli membrane protein required for export above. The most highly similar proteins were members of a of the protein hemolysin A, and closely related toxin secrefamily of proteins consisting principally of several groups of tion proteins. The next highest scores were for matches to a ATP-binding membrane proteins, including a group of bacset of eucaryotic membrane proteins closely related to the terial ATP-dependent transport proteins (21) , a group of multidrug resistance genes. The remaining high scores were eucaryotic proteins conferring multidrug resistance (7, 17, for matches to other bacterial transport system proteins in specific transport activity. While there is no direct evidence bearing on the nature of this possible transport activity, the observation that the strongest and most extensive similarity of ComA is with HlyB and related toxin secretion proteins may indicate that the transported molecule is a protein.
CF has been characterized as a small basic extracellular protein (55, 58) , but little else is known about its biochemistry, regulation, or mode of release from the cell. The strong and extensive similarity between ComA and HlyB described here, when coupled with the deficiency in CF elaboration observed for comA mutants, immediately suggests a model for CF synthesis and export. In this model, CF is a specifically exported protein, analogous to HlyA, while ComA is an ATP-binding membrane component of the CF-specific transport system, analogous to HlyB. A family of bacterial protein export systems, each involving a transport protein homologous to HlyB, is represented by the hemolysins of Proteus species (29, 30) , Actinobacillus actinomycetemcomitans (34) , and Actinobacillus pleuropneumoniae (18) , by the Pasteurella haemolytica leukotoxin (24, 52) , and by the bifunctional toxin of Bordetella pertussis (14) . As each of these other bacterial toxin genes is found in a complex locus comprising genes for toxin synthesis, modification, and lysine of this motif is replaced by a proline (position 641). If export, the com locus would, under this model, be expected the suggestion that this kinase motif is required for protein to contain relevant genes in addition to comA, including the secretion (30) is verified, and if a substitution of proline for structural gene for CF.
lysine disrupts kinase activity, this difference would suggest A feature shared by at least three bacterial toxin secretion that ComA played a less direct role in CF elaboration. proteins (14, 24, 30, 52) but not by other members of the Direct evidence for the above model is still absent. In-ATP-binding transport protein family is a kinase motif (G-xdeed, even circumstantial evidence, such as induction of G-x-x-G-17-K), occurring within the strongly conserved ATPComA at competence, a membrane location for ComA, or an binding motif (denoted NB-2 in Fig. 3 ). In ComA, the final orientation of ComA protein in the membrane appropriate for export activity, is not yet available. Most known mutations affecting transformability affect specific steps of DNA uptake or intracellular processing, rather than the regulatory circuits discussed here. However, two other candidates for regulatory circuit genes do exist. In Streptococcus sanguis, the Wicky strain depends for competence on exogenous CF, which can be supplied from competent cultures of the spontaneously competent Challis strain; thus, Wicky appears to be a naturally occurring com strain (36, 46) . In S. pneumoniae, the trt mutation (33) , which causes cells to be constitutively competent and to retain that competence even during growth in trypsin, may represent an alteration in the CF-response circuitry which bypasses the CF activation step entirely.
